We developed a model that enabled a back-calculation of the annual salmonellosis seroincidence from measurements of Salmonella antibodies and applied this model to 9677 serum samples collected from populations in 13 European countries. We found a 10-fold difference in the seroincidence, which was lowest in Sweden (0.06 infections per person-year), Finland (0.07), and Denmark (0.08) and highest in Spain (0.61), followed by Poland (0.55). These numbers were not correlated with the reported national incidence of Salmonella infections in humans but were correlated with prevalence data of Salmonella in laying hens (P < .001), broilers (P < .001), and slaughter pigs (P = .03). Seroincidence also correlated with Swedish data on the country-specific risk of travel-associated Salmonella infections (P = .001). Estimates based on seroepidemiological methods are well suited to measure the force of transmission of Salmonella to human populations, in particular relevant for assessments where data include notifications from areas, states or countries with diverse characteristics of the Salmonella surveillance.
We developed a model that enabled a back-calculation of the annual salmonellosis seroincidence from measurements of Salmonella antibodies and applied this model to 9677 serum samples collected from populations in 13 European countries. We found a 10-fold difference in the seroincidence, which was lowest in Sweden (0.06 infections per person-year), Finland (0.07), and Denmark (0.08) and highest in Spain (0.61), followed by Poland (0.55). These numbers were not correlated with the reported national incidence of Salmonella infections in humans but were correlated with prevalence data of Salmonella in laying hens (P < .001), broilers (P < .001), and slaughter pigs (P = .03). Seroincidence also correlated with Swedish data on the country-specific risk of travel-associated Salmonella infections (P = .001). Estimates based on seroepidemiological methods are well suited to measure the force of transmission of Salmonella to human populations, in particular relevant for assessments where data include notifications from areas, states or countries with diverse characteristics of the Salmonella surveillance.
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Control of food-borne Salmonella infections in humans remain an important priority for public health. Although progress has been noted [1, 2] there are numerous challenges in quantifying progress [3] . Among these is the lack of an objective method to measure the incidence of salmonellosis in humans. Whereas animals and foods can be sampled and tested according to predefined schemes, the incidence of infections in humans is measured by passive laboratory-based surveillance, which is subject to limitations and biases often described as the "surveillance pyramid" [4] . This pyramid describes the chain of events that have to occur so that a case of salmonellosis in the population will become a reported case, including factors such as health-seeking behavior, clinical and laboratory practices regarding microbiological diagnostics, and, finally, reporting compliance. With increasing globalization of the food supply, food safety is more than ever an international issue. For these reasons, how the impact of food safety programs can be monitored and compared between countries, states, or areas has emerged as an important scientific question
We have previously proposed seroepidemiology as a method to measure the force of transmission of nontyphoid Salmonella infections in defined human populations independent of the sensitivity of public health surveillance [5] [6] [7] . Because this metric is different from the incidence of clinical infections, we have coined the term seroincidence. The seroincidence is calculated from the analysis of the levels of antibody classes against nontyphoid salmonellae in the general population, and the results of these examinations are converted into a single metric based on the kinetics of the antibody decay. In the present study, we determined the seroincidence of Salmonella in 13 European countries, compared the results with published data from baseline surveys of Salmonella prevalence in food animals across Europe and data from public health surveillance, and determined the relative risk of Salmonella infections in Europe by using Swedish travelers as sentinels.
MATERIALS AND METHODS

Calculation of National Estimates of Seroincidence
In a previous longitudinal study, we followed patients with culture-confirmed infections with Salmonella Typhimurium and Salmonella Enteritidis over time, and determined the decay of serum antibodies (immunoglobulin [Ig] G, A, and M) against Salmonella as measured with an indirect enzyme-linked immunosorbent assay (ELISA) method [8] . We thereby obtained parameters that predict the decay of antibodies as well as the individual variation of the antibody response to the Salmonella infection. These parameters were used in a Bayesian back-calculation model that converts data from the crosssectional samples on measurements of IgG, IgA, and IgM into an estimation of time since infection [5] . This approach allows estimation of the seroincidence based on results obtained by analysis for antibodies against nontyphoid Salmonella in individuals representing the general population in a country (cross-sectional sample).
In the present study, 13 countries participated with 14 crosssectional samples. Austria, England, Greece, Ireland, Spain, and the Netherlands (2006-2007) provided serum sample collections. We also recalculated the data from a published study in Denmark, Finland, France, Italy, the Netherlands (1998-2002), Romania, Poland, and Sweden [9] . The seroincidence estimates recalculated for the latter 8 countries vary marginally from the published results [9] owing to nature of the Bayesian approach and minor modifications of the model to increase the efficiency of estimation (details available from the authors). Table 1 provides a summary of the data; details on the crosssectional samples from Austria, England, Greece, Ireland, and Spain are given below. In total, the 13 countries represent a population of 347 million inhabitants across Europe. We strove to include 500 samples from each country; this goal was based on simulation studies showing that this sample size would allow us to detect a 3-fold difference in seroincidence with 70% power (difference between 0.1 and 0.3 infections per year).
England
The seroepidemiology program of Public Health England is based on a large collection of serum samples approximating the general population of England and Wales. Serum samples included are anonymized residues of specimens submitted for diagnostic testing. For this study, 500 serum samples collected during 2010 were selected, with 90 samples from each of 5 age groups (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) , 39-48, 49-58, and 59-68 years) and 50 samples from individuals aged >68 years. Within each age range, the samples were selected randomly.
Austria
The samples were collected from a single Austrian province, selected among all samples forwarded to one serological/virological institute. They were from adult patients without enteric or neurological symptoms (for example, patients with respiratory symptoms).
Greece
A total of 500 serum samples from blood donors or relatives of patients were included; they originated from 5 laboratories representing 5 regions: Athens, Thessaloniki, Ioannina, Larissa, and Alexandroupoli. These laboratories are spread across the country and are representative of the Greek blood donor population. Blood donors are aged 18-65 years and represent the healthiest part of the general population. About 80% of donors give blood repeatedly, and 20% are first-time donors.
Ireland
In Ireland, all pregnant women have a blood sample taken at antenatal consultation. From the entire blood bank collection, 500 serum samples were collected, including 50 serum samples each from women aged <20 and >44 years. In addition, 80 serum samples were selected from each of the following age ranges: 20-24, 25-29, 30-34, 35-39, and 40-44 years. Within each age range, the serum samples were selected at random.
Spain
The CSISP (Centro Superior de Investigación en Salud Pública) Biobank was established as a repository of biological samples (blood, serum, and DNA), representing the healthy population in the Valencia region. From this serum collection, 500 serum samples collected during 2012 were selected, with 90 samples from each of 5 age groups (18-28, 29-38, 39-48, 49-58, and 59-68 years) and 50 from individuals aged >68 years. Within each age group, the serum samples were selected randomly. All serum samples were analyzed at Statens Serum Institut using a mix ELISA with lipopolysaccharide from Salmonella serotypes Enteritidis and Typhimurium as the catching antigen, as described elsewhere [8, 9] .
External Data for Reference
Data on the official reported incidence of culture-confirmed cases of human infections with Salmonella were obtained from the joint reports of the European Food Safety Authority and the European Centre for Disease Prevention and Control 
We used the Spearman rank correlation coefficient (Spearman ρ), a nonparametric measure, to examine the correlation between the estimated seroincidence and the external reference data (ie, officially reported incidences of human salmonellosis, risk per 100 000 Swedish travelers, and the data from the EFSA baseline surveys). Romania did not participate in the EFSA baseline surveys and was excluded from the assessment of the correlation with data from food animals.
RESULTS
The annual seroincidence of Salmonella ranged from 0.056 infections per person-year in Sweden to 0.61 in Spain. The 3 Nordic counties had comparably low incidences, whereas estimates obtained from the Netherlands, England, Austria, and Ireland ranged from 0.095 to 0.164. Estimates from Greece, Italy, Romania, France, Poland, and Spain ranged from 0.20 to 0.61 (Table 1) . Figure 1 shows the seroincidence estimates plotted against the officially reported numbers of culture-confirmed infections. There was no significant correlation between these 2 parameters; if anything, there was a tendency toward an inverse correlation (Spearman ρ = −0.37; P = .20). Outliers were Spain and Poland. We found a high seroincidence in these 2 countries, which also report a relative high incidence of culture-confirmed cases.
The seroincidence correlated with the risk of Salmonella infection in returning Swedish travelers (Figure 2) . Spain, Poland, and Romania all had high estimates of seroincidence as well as a high risk of detecting a travel-associated Salmonella infection among residents of Sweden. France was an outlier with a relatively high seroincidence but a relative low risk of travelassociated Salmonella infections.
The seroincidence was strongly correlated with the observed prevalence of Salmonella-positive holdings of laying hens (Spearman ρ = 0.89; Figure 3 ). France seemed to be an outlier with a somehow higher seroincidence than predicted from the prevalence in laying hens alone, whereas Greece had a lower seroincidence. There was also a significant correlation with the (Figure 4 ). France and Spain seemed to have a higher seroincidence in humans than could be predicted from the prevalence in broilers alone. Finally, Figure 5 shows that the seroincidence also correlated with the prevalence of Salmonella in slaughter pigs. Poland had a higher seroincidence than could be predicted from the prevalence in pigs alone, whereas England had low seroincidence in spite of a high prevalence of Salmonella in pigs (21%).
DISCUSSION
There are considerable differences in the incidence of reported nontyphoid Salmonella infections in Europe, ranging in the present study from 2.9 per 100 000 population in Romania to 50.5 in Finland (Table 1) . A pilot study indicated that these differences reflect the attributes of the surveillance pyramid rather than a true difference in the incidence of Salmonella infections [9] . In the present article, we describe our expansion of this study to include 13 countries representing a large part of the European Union. We found a 10-fold difference in the annual incidence of infections when comparing estimates from Spain and Poland with those from the Nordic countries where extensive Salmonella control programs in food animals have been established [14] [15] [16] . These findings are well in line with Finnish risk assessment models, wherein a scenario of 5 positive parent flocks was estimated to cause a 4.9-11.7-fold increase of human cases [14] , but they are in striking contrast to reported incidences of Salmonella infections. If anything, there was a tendency toward an inverse correlation, which could indicate that case ascertainment and public health surveillance is more comprehensive in countries with a longer tradition and focus on Salmonella control. The data are indicative of major differences in Salmonella surveillance systems between European countries. Official numbers are misleading and cannot be used to compare the actual infection risk between countries. The data underscore the need to build a strong public health microbiology infrastructure in Europe and harmonize surveillance for food-borne bacteria, including nontyphoid Salmonella.
To validate our findings, we compared the seroincidence estimates with results from other studies that were independent of the sensitivity of public health surveillance. Although the serum samples were collected from 2000 to 2012, the seroincidence correlated very well with Salmonella prevalence in food animals [11] [12] [13] and with the risk of Salmonella infection in Swedish travelers returning from the respective countries [10] . The correlation was strongest with the prevalence in laying hens; this is not surprising, because eggs are an important cause of Salmonella infections in humans. Furthermore, there is extensive trade with meat from broilers and pork, whereas eggs usually are domestic owing to minor differences in production costs between European Union member states and logistical difficulties in trading shelled eggs [15] . In other words, trade of meat may dilute the associations. For example, England had a lower seroincidence than predicted from the prevalence of Salmonella in pork, which might be related to the fact that a large share of the pork in the United Kingdom is imported from countries with a lower prevalence of Salmonella in pork. National differences in cooking and consumption practices may play a role, which is difficult to quantify.
Based on the striking correlations, we propose that seroepidemiology is well suited to evaluate the impact of Salmonella control programs in food animals on the Salmonella incidence in the human population. This novel method is an objective way of comparing the force of transmission, that is, the rate at which humans (independent of the clinical outcome of the infection) acquire salmonellosis, between different countries and over time. The tool is independent of the artifacts and biases in passive laboratory-based public health surveillance. This point is well illustrated by our data, showing low seroincidence in countries that established Salmonella control programs many years ago, such as Finland and Sweden, which have received a special permission from the European Union to implement stricter Salmonella control measures than regulated by the European Zoonoses Directive [17, 18] .
The Netherlands provided 2 data sets. Over time, the seroincidence decreased by 10%, whereas the incidence of notified cases declined by 23% from 1998 to 2006, albeit with large confidence intervals (Table 1) . A previous study in Denmark, using serum collections from 1983, 1986, 1992, and 1999 , showed that the seroincidence of Salmonella increased almost parallel to the rise in culture-confirmed cases, owing to the emergence of Salmonella Enteritidis [19] . These tendencies support the usefulness of seroepidemiology for monitoring changes in the force of transmission.
Our study is subject to a number of limitations. Seroincidence is not a measure of clinical illness and does as such not measure the actual burden of illness. It is rather an attempt to measure the frequency of exposures to Salmonella that are recognized by the immune system and followed by antibody response. We do not know how many of the seroincident infections are cases with clinical disease. The disease-to-infection ratio may differ between populations, and there may be a nonlinear correlation between estimated seroincidence and disease-to-infection ratio owing to ( partial) immunity. A 10-fold difference in seroincidence between Sweden and Spain, in other words, does not necessarily pan out as a 10-fold difference in burden of illness. Further studies should explore these matters. Nonetheless, it is worth noticing that the actual magnitudes of the seroincidence estimates are much higher than community estimates of salmonellosis incidence derived from studies analyzing the various steps of the surveillance pyramid and from prospective population cohort studies [20] [21] [22] [23] [24] [25] [26] . It is therefore possible that Salmonella infections, whether symptomatic or asymptomatic, are common events in industrialized countries. This notion is corroborated by a review suggesting that asymptomatic fecal shedding of Salmonella was common in the United States in the 1980s [27] .
Although we aimed to include serum samples from representative community serosurveys, this proved difficult. The samples obtained represent different compromises to some degree and may introduce biases. Studies exploring to what extent the inclusion serum samples from blood donors or pregnant women or residual sera from patients with no gastrointestinal disease provide seroincidence estimates similar to those from the general population are warranted. Results from such studies will help in the design of practical sampling plans, allowing the use of seroepidemiology as a routine tool to monitor the impact of control programs for Salmonella (or other pathogens).
We estimated seroincidence based on the antibody decay profile determined in a longitudinal study of Danish patients with culture-confirmed Salmonella gastroenteritis [8] . It is conceivable that the decay profile is different in a high-incidence country and that this introduces uncertainty in the model. Ideally, such follow-up studies should be repeated in settings with different levels of endemicity. Furthermore, for practical and ethical reasons, we did not attempt to obtain serum samples from children to determine antibody decay in this age group, so it was not meaningful to include children in the crosssectional data. However, a high proportion of the reported cases of culture-confirmed Salmonella infections are in children, and it is therefore of interest to estimate the seroincidence and the disease-to-infection ratio in child populations as well. Furthermore, inclusion of the elderly varied between countries. Elderly person are at increased risk for nontyphoid Salmonella infections, which could affect the differences in incidence data. Nonetheless, we do not regard this issue as a major limitation in the application of seroepidemiology as a tool to measure the force of infection in a population as a whole.
Although commercial immunoassays are available to detect subunit antigens for Salmonella Typhi, there is no international consensus on similar tests for nontyphoid salmonellosis. We developed and validated an in-house ELISA [8, 28] , and methodological variations were not an issue because all tests were run in the same laboratory and included the same controls. The ELISA was based on antigens from serotypes Enteritidis (serogroup D1) and Typhimurium (serogroup B). These 2 serotypes represent 70% of human Salmonella infections in the European Union. Cross-reactions to related serotypes within group B and D are expected, whereas the ability to detect seroresponse to more distantly related serotypes have not been examined.
Without ignoring the limitations, we suggest that estimates of Salmonella infection incidence based on the seroepidemiological method are better suited than reported numbers of cultureconfirmed cases to measure the force of infection at the population level and thus to monitor the effect of Salmonella control programs. This is particularly relevant for international assessments, which include areas or countries with diverse characteristics of the Salmonella surveillance pyramids.
The United States also has regional variations in the reported incidence of human Salmonella cases. FoodNet was established as a network for the active surveillance of food-borne infections, including Salmonella infections. It was originally based on surveillance in 5 sites, but later more states and sites were included, and differences in the baseline incidence of Salmonella infection became evident [3, 4] . It is not understood to which extent the difference in baseline incidence reflects a surveillance artifact due to differences in the surveillance pyramid, or whether it reflects true differences in the incidence of salmonellosis [4] . Seroepidemiological studies may provide more insights into these differences.
Notes
